A CeF 3 crystal produced during early R&D studies for calorimetry at the CERN Large Hadron Collider was exposed to a 24 GeV/c proton fluence Φ p = (2.78±0.20)×10
Introduction
The Large Hadron Collider (LHC) at CERN is expected to undergo a substantial upgrade in luminosity after the exploitation of its physics potential, to allow further exploration of the high energy frontier in particle physics. The higher luminosity will strengthen the requirements on performance of most detector components. With data taking extended over several years under an increased luminosity, detectors will be exposed to even larger ionising radiation and hadron fluences than at the LHC, and they will need to be upgraded as well. While the harvest of LHC proton-proton collision data is just starting, studies are already being performed on a LHC upgrade (superLHC) where calorimetry will have to perform adequately in a radiation environment and hadron fluences an order of magnitude more severe than at the LHC. It will thus be important to have results at hand on calorimetric materials able to withstand the anticipated radiation levels and particle fluences before making decisions on detector upgrades.
Concerning hadron effects on crystals used for calorimetry, the present study extends to Cerium Fluoride (CeF 3 ) and complements our earlier work performed on Lead Tungstate (PbWO 4 ) [1, 2, 3] . In our earlier investigations we have shown that high-energy protons [1] and pions [2] cause a permanent, cumulative loss of Light Transmission in PbWO 4 , while we observed no hadron-specific change in scintillation emission [3] . The features of the observed damage hint at disorder that might be caused by fragments of heavy elements, Pb and W. Above a certain threshold, these can have a range up to 10 µm and energies up to ∼100 MeV, corresponding to a stopping power nearly 10000 higher than the one of minimum-ionising particles. The associated local energy deposition is capable of inducing the displacement of lattice atoms.
The qualitative understanding we gained of hadron damage in Lead Tungstate lead us to predict [4] that such hadron-specific damage contributions are absent in crystals, like Cerium Fluoride, consisting only of elements with Z < 71, which is the experimentally observed threshold for fission [5] . Studies on Cerium Fluoride are expected to help at the same time in understanding hadron damage to scintillating crystals and in possibly providing a viable material for calorimetry in an extreme environment as the superLHC will be.
Cerium Fluoride
Cerium Fluoride is a scintillating crystal whose luminescence characteristics are known since the early studies by F.A. Kröger and J. Bakker [6] , who measured its emission spectrum and light decay time constants and understood the responsible transitions. Its properties as a scintillator were revealed by D. F. Anderson [7] and by W. W. Moses and S. E. Derenzo [8] , who attracted attention to its characteristics as a fast, bright and dense calorimetric medium for high-energy physics and positron-emission tomography applications.
Its density (ρ = 6.16 g/cm 3 ), radiation length (X 0 = 1.68 cm), Molière radius (R M = 2.6 cm), nuclear interaction length (λ I = 25.9 cm) and refractive index (n = 1.68) make it a competitive medium for compact calorimeters. Its emission is centred at 340 nm, with decay time constants of 10 -30 ns; it is insensitive to temperature changes (dLY/dT (20 o C) = 0.08%/ o C) as well as bright (4 -10% of NaI(T )) and thus suitable for high-rate, high-precision calorimetry [9] .
In the nineties, this material was subject to an intense research program, that established its scintillation characteristics, its behavior in γ [10, 11] and MeV-neutron irradiations [12] and the capability for crystal growers to produce crystals of dimensions suitable for high-energy physics applications. It should be noted that Cerium is a readily available rare earth, which would allow containing raw material costs, were a mass production envisaged.
Its melting point of 1430
o C allows applying well-known crystal growth technologies. The ability to grow crystals beyond 30 cm length was demonstrated, as visible in Fig. 1 , but for its use in a calorimeter, R&D would have to be resumed, since no commercial production of macroscopic crystals presently exists, although the material is still used, e.g. in the form of 10 µm nanoparticles, for neutron capture cross-section measurements [13] .
The tysonite structure is complicated, with each Cerium atom surrounded by 11 Fluorines in the Edshammar's polyhedron [14] and the lower symmetry thus causes difficulties in the calculation of energy levels and defect structures [15] . Cerium Fluoride is superionic [16] , the fluorine ions having high mobility, which could account for part of its observed radiation hardness. It is also paramagnetic, a characteristics which influences the Faraday rotation in a magnetic field [17] . Fluorine ions labelled F 1 in literature [18] account for most of the Cerium Fluoride conductivity and hence their mobility might help repair defects. There is a vast literature on this and in particular on doping [19] with Barium and Strontium, which have been observed to increase the conductivity even further [20] . The composition which maximizes conductivity might maximize radiation hardness as well, as hypothesised in [21] , but establishing this would require a dedicated R&D. It should also be noticed that the o C and 50 o C temperature [21] , while its Light Output remains unaffected. Thus, for calorimetry applications in a hostile radiation environment, maintaining the crystals at a higher temperature could help minimising radiation damage. It is also pointed out in [21] that such crystals are the best fluoride superionics for electro-chemical solid state devices such as fuel cells.
The performance of Cerium Fluoride was also studied with high-energy particle beams in prototype crystal matrices [22] , in particular since it was adopted as baseline calorimetric medium in the CMS [23] and L3P [24] Letters of Intent. Energy resolutions of the order of 0.5% for electron energies of 50 GeV and higher were achieved, and it was observed how Cerium Fluoride appeared to be the best material at that time for homogeneous electromagnetic calorimetry at LHC and only the need for a very compact calorimeter justified relegating it behind Lead Tungstate as the preferred material.
Cerium Fluoride was also considered for the ANKE spectrometer upgrade at COSY and for medical imaging applications [25] . In [26] , its energy response to electromagnetic probes was extended down to a few MeV in photon energy and a good time resolution, below 170 ps, was obtained using a time-of-flight technique.
We have performed a test of hadron effects in Cerium Fluoride with the expectation to yield a better understanding of the whole hadron damage issue in scintillating crystals, and to provide the community with a viable solution for the hadron fluences expected during operation at superLHC.
The crystal
For this study, we have used a Barium-doped CeF 3 crystal from Optovac [27] , which has parallelepipedic dimensions of 21 × 16 × 141 mm 3 (8.4 X 0 ). Its longitudinal Light Transmission (LT) before irradiation as a function of wavelength is shown in Fig. 2 . One observes that the smoothness of the transmission curve is interrupted by several dents which are known to be due to the presence of Nd 3+ impurities [28] and are of no further concern to the present study. One also observes, in the light of Fig. 2 in Ref. [28] , how the Barium doping translates into a characteristic Light Transmission band edge which sits right above 300 nm, i.e. ∼ 15 nm higher compared to crystals grown with undoped raw material.
The irradiations
The crystal was irradiated with 24 GeV/c protons at the IRRAD1 facility [29] in the T7 beam line of the CERN PS accelerator. The first irradiation was performed beginning of November 2007, with a flux φ p = 1.16 × 10 12 cm −2 h −1 . The proton fluence reached was Φ p = (2.78 ± 0.20) × 10 13 cm −2 . After one year of periodic measurements, where its spontaneous recovery at room temperature, in the dark, was tracked, a second irradiation was performed with a flux φ p = 0.94×10 13 cm −2 h −1 and a similar measurement series was performed. The proton fluence reached with the second irradiation was Φ p = (2.12 ± 0.15) × 10 14 cm −2 . In both cases, the irradiation procedure described in [1] , where all details can be found, was followed: the proton beam was broadened to cover the whole crystal front face, and the fluence for each irradiation was determined through the activation of an aluminium foil covering the crystal front face.
Light Transmission measurements and results
Longitudinal transmission curves at various intervals after proton irradiation are represented in Fig. 2 . The earliest ones were taken as soon as it was possible to handle the crystal while keeping people's exposure to radiation within regulatory safety limits, 18 days after the first irradiation and 62 days after the second one. From the LT curves, it is evident that the damage reduces Light Transmission at all wavelengths, while no transmission band-edge shift is observed after irradiation. This observation is consistent with our qualitative understanding [30] , that the band-edge shift observed in Lead Tungstate [1] and BGO [31] after hadron irradiation must be due to disorder causing an Urbach-tail behavior [32, 33] . The absence of a band-edge shift in Cerium Fluoride is consistent with the anticipated lack of heavy fragments that can cause lattice disorder. The extreme steepness of the band-edge, which is preserved throughout the proton irradiations, is due to an allowed transition, as indicated in [34] . The longitudinal Light Transmission was repeatedly measured over time, to collect recovery data. The damage is quantified through the induced absorption coefficient as a function of light wavelength λ, defined as:
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where LT 0 (LT ) is the Longitudinal Transmission value measured before (after) irradiation through the length of the crystal. Figure 3 shows the profile of induced absorption as a function of wavelength, 150 days after each irradiation. We notice here the absence of the λ −4 behavior we previously observed [1] in Lead Tungstate. That behavior, peculiar to Rayleigh scattering, is a qualitative indication of the presence of very small regions of severe damage, as one expects to be caused by highly ionising fragments from nuclei break-up. The absence of a Rayleigh-scattering behavior in Cerium Fluoride is a further confirmation of our understanding. We also observe the presence of a yet unidentified absorption band, peaked around 400 nm, which does not recover with time, but is of no further concern, because it affects only a small fraction of the emitted light. The absorption band amplitude scales in a way which is consistent with a linear dependence on Φ p . The density of centres N multiplied by the oscillator strength f calculated according to [35] for the second irradiation is
A FLUKA [36, 37] simulation of the irradiation, which is described in detail in section 7, yields an abundance ρ = 2.4 × 10 −2 cm −3 of stable light nuclei (H and He) per impinging proton. Even assuming an oscillator strength f = 1, such an abundance does not account for the observed absorption band, and thus allows to exclude defects caused by hydrogen and helium. Typical f -values range from 1 to 10 −3 and therefore we hypothesise that the observed absorption band might be linked to defects in the Cerium sub-lattice.
Furthermore, the dips due to Nd 3+ contamination mentioned in section 3 disappear when the induced absorption coefficients are evaluated, as it is evident in the plots of Fig. 3 . This proves that such dips are not influenced by radiation, nor are hidden absorption bands present underneath them. To examine damage recovery further, data analysis focused on the changes in Longitudinal Transmission at a wavelength of 340 nm, which corresponds to the peak emission of CeF 3 scintillation light, and is thus the relevant quantity for calorimetry. The evolution of damage over time is shown in Fig. 4 for the two irradiations, where 
where t rec is the time elapsed since the irradiation, while A j i (i = 1, 2) and A j 3 are the amplitude fit parameters for the irradiation j (j = 1, 2). Figure 4 shows a fit where the recovery time constants have been independently fitted for the two irradiations. The time constants obtained are compatible, yielding values τ 1 = 11 ± 2 days and τ 2 = 70 ± 9 days, with all the damage recovering. Such a result is very important if one considers Cerium Fluoride for superLHC calorimetry, in that one can expect to have a hadron damage which remains -due to its recovery time characteristics -all the time at a very small level compared to the cumulative damage amplitudes we measured for Lead Tungstate [1] . In all this it should be pointed out, however, that our measurements are not sensitive to damage with a recovery time constant shorter than a few days, because the proton-irradiated crystal was initially too radioactive for safe handling during the first two weeks after irradiation, and thus no measurements were performed on it. , taken 300 days after irradiation, showing how stable the long-term damage is in that crystal. Since in [1] all crystals studied were produced by the Bogoroditzk Techno-Chemical Plant (BTCP) in Russia, we have performed an irradiation of a further crystal produced by a different supplier, the Shanghai Institute of Ceramics (black circle in Fig. 5 ). The measurement for the SIC Lead Tungstate crystal is in perfect agreement with those for BTCP crystals, proving how hadron damage is not linked to fine details of doping, stoichiometry and related defects, nor to growth technology, but it is rather due to the effects the hadron cascade has on the bulk of the crystal.
It should be pointed out that all crystals tested in Ref. [1] are 23 cm (25.8 X 0 ) long, while the Cerium Fluoride crystal studied here is only 14.1 cm (8.4 X 0 ) in length. In the same plot, we have thus also superposed the proton damage measured in two Lead Tungstate crystals 7.5 cm (8.4 X 0 ) long, studied in [2] after a proton irradiation where they were placed one behind the other. Also for these shorter crystals µ IN D (420 nm) is well consistent with the values measured for the longer crystals. This can be understood from the star density profiles for 20 -24 GeV/c protons in Fig. 3 of ref. [1] , which are nearly flat over the length of the crystal, besides a small build-up over the initial 5 cm, which is reflected in a slightly smaller damage in one of the two crystals. It thus appears justified to compare damage measured in an 8.4 X 0 long Cerium Fluoride crystal with the existing measurements for 23 cm long Lead Tungstate crystals. The induced absorption µ IN D (340 nm) at the peak of scintillation emission measured in Cerium Fluoride 300 days after irradiation is thus also plotted in Fig. 5 . As easily understandable, a cumulative damage in Cerium Fluoride would be fitted by a line parallel to the one for Lead Tungstate in this doubly-logarithmic plot, which is not what we observe.
With the correlation of Fig. 5 extending over almost three orders of magnitude in fluence, the damage observed 150 days after irradiation is a factor 15 smaller in Cerium Fluoride than in Lead Tungstate for a fluence Φ p = 2.78 × 10 13 cm −2 and a factor 30 smaller for Φ p = 2.12 × 10 14 cm −2 . The gap increases to a factor 25 and 124 respectively 300 days after irradiation, as also visible in Fig. 5 . However, one has to be aware of the fact that, were the induced absorption expressed in units of inverse radiation length, the gap would be reduced by a factor 1.5.
Light Output measurements and results
The relevant quantity for calorimeter operation is the Light Output (LO), and thus, in the present study we have verified that with the recovery of Light Transmission, also the Light Output is restored. For this purpose, we have taken Light Output spectra using a bialkaline 12-stage Photomultiplier (PM), and its anode charge was digitised using a charge-integrating ADC as described in [3] . To identify a scintillation signal well above the background due to the intrinsic induced radioactivity after proton irradiation, we have triggered on cosmic muons traversing the crystal sideways, by means of two plastic scintillators. Such muons are minimum-ionising, and leave, according to [38] , an energy deposit of 7.9 MeV/cm in the crystal. Due to the geometrical acceptance of the trigger scintillator setup, the mean path in the crystal is 2.3 ± 0.2 cm. and thus the muon energy deposit in average 18.2 ± 1.6 MeV. The Light Output spectrum is shown in Fig. 6 (top), which was acquired attenuating the photomultiplier signal by 26 db. The peak position is determined to be at channel 1276 ± 8. Keeping the same PM gain, but with 0 db attenuation, we have acquired the spectrum in Fig. 6 (bottom) , by triggering on the Light Output from the crystal itself with a threshold set below the level of single photoelectrons thermally emitted by the photocathode: those yield the leftmost peak in the histogram. The peak at channel 225 ± 1 corresponds, if we determine its equivalent energy deposit scaling from the muon peak position, to E γ = 160 ± 10 keV. As will be evident from activation measurements and related FLUKA simulations described in the following sections, the dominant isotope created in the proton irradiation tests is 139 Ce, whose electron capture decay to 139 La is accompanied by an emission of a 165 keV photon. The peak we observe in the spectrum is in good agreement with the activity from this isotope.
A Light Output measurement using cosmic muons one year after the second irradiation allows us to determine a remaining loss of ∆LO/LO = (11 ± 2)%. The measured fraction of induced absorption coefficient which has not recovered 1 year after the second irradiation (see Fig. 3 ), is µ IN D = 0.33 ± 0.04 m −1 . A correlation between LO loss and induced absorption has been published in [3] for 23 cm long Lead Tungstate crystals, and the correlation therein between LO loss and induced absorption coefficients is similar to the one we observe here. A precise comparison would require taking into account the different crystal dimensions and their influence on light collection. Our measurement however shows how the observed spontaneous recovery at room temperature of transmission loss after hadron irradiation in Cerium Fluoride up to Φ p = (2.12 ± 0.15) × 10 14 cm −2 is accompanied, as expected, by an almost complete recovery of scintillation Light Output.
7 Activation measurements and results
Present irradiations
Hadron irradiation causes the production of radioactive isotopes in the crystals. While most of them are shortlived, those with a long half-life are responsible for the remnant radioactivity and are relevant in case a calorimeter needs human intervention after exposure. It might thus be of interest to compare measurements of radio-activation in Cerium Fluoride to those in Lead Tungstate. The latter has been extensively studied through simulations and measurements in our early work [1] and references therein. The measurements there agree with simulation results on average within 30% and never beyond a factor of 2, and confirm that radiation exposure is an important concern for a Lead Tungstate calorimeter used in intense hadron fluences. Activation measurements in Cerium Fluoride provide important practical information on access and handling possibilities for such a calorimeter if used at superLHC. The induced ambient dose equivalent rate ("dose")Ḣ * (10) ind was regularly measured according to the procedure described in [1] with an Automess 6150AD6 [39] at a distance of 4.5 cm from the long face of the crystal at its longitudinal centre. The reference point of the sensitive element in the 6150AD6 is reported to be 12mm behind the entrance window. Thus our actual distance was 5.7 cm from the crystal face. The measured dose as a function of cooling time is plotted in Fig. 7 . The activation values are compatible with the scaling of fluences, if one takes into account that when the second irradiation was started, the crystal was still showing a remaining level of activation from the first one. We have fitted the data, taken over one year, with a sum of a constant and two exponentials with time constants
where t rec is the time elapsed since the irradiation, while D j i , (i = 1, 2) and D j 3 are the amplitude fit parameters for irradiation j (j = 1, 2). The time constants obtained for the two independent fits are compatible, with values τ 1 = 11 days and τ 2 = 85 days. Interestingly, the radio-activation recovery time constants are compatible within 2σ with those for the damage recovery determined in Sec. 5. While there is no evidence for a link between the two, we wonder whether the long-lived induced absorption component might be due to a self-irradiation of the crystal.
FLUKA Monte Carlo simulations were performed using the code Version 2008.3c.0 [36, 37] and rely on the input parameters used in our PbWO 4 study [40, 1] . The beam profile was assumed to be squared (3 × 3 cm
2 ) and uniformly distributed. The crystals was simulated according to the experimental setup. The FLUKA geometry includes also the back wall of the irradiation zone, i.e. the T7 beam line dump. Because the hadron shower induced from beam protons impinging on the crystal shows a significant forward direction, such that the integrated hadron fluence at the backside is roughly ten times more intense than the lateral fluence, the side walls were neglected.
For the dose measurements following the irradiation, the crystal has been removed from the irradiation zone and was kept for measurements in an area with low background. To simulate the two processes with different geometries, the FLUKA two-step method [41] was applied. In a first step (the irradiation) the produced radionuclides in the crystal, namely the γ -and β + -emitters, were recorded. These provided the input for the second step, where the average ambient dose equivalent in a volume of 1 cm 3 was calculated, using fluence to ambient dose equivalent conversion coefficients [42] . The center of the dose recording region was set laterally centered and at a distance of 5.7 cm from the crystal, according to the experimental settings. The FLUKA simulation results of the Cerium Fluoride activation at a few intervals after each of the two irradiations are shown in Fig. 7 . One approximation was made in the simulation: a single irradiation was assumed in each case, while the same crystal was actually irradiated twice at one year's interval. This might explain the slight dose underestimate from FLUKA at long cooling times after the second irradiation. Table 1 lists the isotopes expected to be still present in the crystal, according to FLUKA, one year after the irradiation up to a fluence Φ p = 2.78 × 10 13 cm −2 and with an activity larger than 10 Bq/cm 3 . From the tabulated values, it is evident that the isotope that contributes with the largest activity is 139 Ce. One may also notice that the longer recovery time constant fitted in Fig. 7 for the radiation dose is of the same order of magnitude as the life time of 139 Ce. Taking into account contributions from the other long-lived isotopes present, the agreement is quite reasonable.
Full-size crystals
A comparison between Cerium Fluoride and Lead Tungstate activation levels after hadron irradiation for full-size crystals is a relevant input to the selection of the calorimetric medium for a calorimeter upgrade. In Fig. 8 we show the results from our FLUKA simulation for the irradiation and cooling conditions of [1] for full-size Lead Tungstate crystals exposed to 20 GeV/c protons, compared to the measured activation and the FLUKA simulation performed therein. The agreement validates the present FLUKA simulations. Also shown in Fig. 8 are the FLUKA results for the activation expected for full-size Cerium Fluoride crystals. Because of the smaller density and longer radiation length of Cerium Fluoride, a full-size calorimeter crystal would have to be 42 cm in length. Transverse dimensions of 24 mm x 24 mm correspond to the typical cross section yielding a similar η − φ granularity as for existing Lead Tungstate calorimeters. The FLUKA simulation, which was validated already for short Cerium Fluoride crystals (Fig. 7) and for Lead Tungstate (Fig. 8) , was performed for such full-size dimensions and for the same fluence of Φ p = 1 × 10 13 cm −2 , yielding dose values shown as lozenges in Fig. 8 . One observes that workers' exposure to proton-irradiated, 26 X 0 long Cerium Fluoride crystals is expected to be always a factor of 2 to 3 lower than the one due to Lead Tungstate.
Conclusions
We have studied Cerium Fluoride as a possible scintillating crystal for calorimetry at the superLHC. This investigation was inspired by our earlier studies of Lead Tungstate, where we observed a hadron-specific, cumulative damage from charged hadrons. All characteristics of the damage in Lead Tungstate are consistent with an intense local energy deposition from heavy fragments. Measurements of absorption induced in CeF 3 by 24 GeV/c protons up to fluences Φ p = (2.78 ± 0.20) × 10 13 cm −2 and Φ p = (2.12 ± 0.15) × 10 14 cm −2 show a Light Transmission damage which is not cumulative, is more than one order of magnitude smaller than in PbWO 4 6 months after irradiation, and -unlike PbWO 4 -recovers further. The absence of a dominant Rayleigh-scattering component in CeF 3 confirms our understanding, that in PbWO 4 it is due to highly-ionising fission fragments as produced in crystals with elements above Z=71. The scintillation Light Output in CeF 3 is observed to recover by 90% over 1 year, and the remaining loss is consistent with the induced absorption still present.
With its extreme resistance to hadron-induced damage, manifested through a modest induced absorption which recovers with time, low raw material costs, high light yield and negligible temperature dependence, Cerium Fluoride is an excellent candidate for medical imaging applications and for calorimetry at superLHC or in any high hadron fluence environment.
